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BLUET BODY SOLUTIONS FOR SPHERES AND ELLIPSOIDS 


IN EQUILIBRIUM GAS MIXTURES 

By Mamoru Inouye 
Ames Research Center 


SUMMARY 


An inverse method was used to calculate the flow field in the nose region 
of blunt bodies traveling at supersonic speeds in equilibrium mixtures of gases 
that may be present in other atmospheres. Calculations were made for air, 
nitrogen, carbon dioxide, argon, and a mixture composed of 50 -percent argon, 
40-percent nitrogen, and 10-percent carbon dioxide. Speeds from 10,000 to 
70,000 ft/sec are covered for free- stream densities of 10" 1 , 10“ 3 , and 10“ 5 
times earth sea- level values. Correlations are presented for the shock stand- 
off distance, surface pressure distribution, and stagnation-point velocity 
gradient . 


INTRODUCTION 


The numerical calculation of flow properties in the nose region of blunt 
bodies traveling at supersonic speeds is described in reference 1 for a per- 
fect gas and for air in thermodynamic equilibrium. The inverse method is 
used; that is, a shock-wave shape is assumed, and the resulting body shape is 
calculated. Discovery of a one-parameter family of shock-wave shapes that 
will produce spheres and ellipsoids to close accuracy in effect permits a 
direct solution to the problem. 

In the present report the calculations reported in reference 1 are 
extended to include equilibrium mixtures of gases present in other atmos- 
pheres. Solutions have been obtained for air, nitrogen, carbon dioxide, 
argon, and a mixture composed of 50 -percent argon, ^0-percent nitrogen, and 
10-percent carbon dioxide. Speeds from 10,000 to 70,000 ft/sec have been 
considered for free-stream densities and pressures of 10“ 1 , 10 -3 , and 10“ 5 
times earth sea- level values. The free-stream temperature was thus maintained 
constant for each gas at such a level that the free-stream gas was undissoci- 
ated. Results for the shock*wave shape parameter, standoff distance, surface 
pressure distribution, and stagnation-point velocity gradient are shown 
together with a tabulation of stagnation-point and shock-wave conditions. 


SYMBOLS 


A 5 shock-wave shape parameter (see eq. (l)) 

A t shock-wave shape parameter (see eq. (2)) 



a speed of sound 

B-fc body bluntness parameter, (b/c) 2 

b,c semimajor and semiminor axes of ellipsoid 

h enthalpy 

M Mach number 

p pressure 

Rb radius of curvature of the body for y = 0 

R s radius of curvature of the shock wave for y = 0 

s distance along the surface measured from the stagnation point 

T temperature 

V velocity 

X(y ) shock-wave shape 

x,y cylindrical coordinates with origin on shock wave and R s = 1 
7 isentropic exponent, a 2 p/p 

A shock standoff distance 

p density 

p Q earth sea-level density, 0.002377 slug/ft 3 

Subscripts 

oo free- stream conditions 

2 conditions behind normal shock 

st stagnation point on body 
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CALCULATION METHOD 


Blunt-Body Solution 

The inverse method is used for calculating the flow field around blunt- 
nosed axisymmetric bodies . The partial differential equations governing 
steady, inviscid flow of a gas in thermodynamic equilibrium are integrated by 
a finite-difference technique proceeding from an assumed shock-wave shape to 
the corresponding body shape. Iteration of the shock-wave shape is usually 
necessary to obtain the desired body shape , which is normally a conic section. 
Details of the numerical analysis and solutions for perfect gases and air in 
thermodynamic equilibrium are presented in reference 1. The changes made to 
obtain the present results are the extension to arbitrary equilibrium gas 
mixtures and a slight modification of the shock-wave shape as described in the 
following sections . 


Thermodynamic Properties 

Thermodynamic properties for various gases have been calculated by 
Dr. Harry E. Bailey of Ames Research Center following the assumptions and 
approximations made in reference 2. The properties for carbon dioxide are 
reported in reference 3- The data cover temperatures to 45,000° R and den- 
sities from 10” 7 to 10 +3 times a reference density based on a temperature of 
491.7° R and a pressure of 1 atmosphere. The gases considered in this study 
are air, nitrogen, carbon dioxide, argon, and a mixture composed of 50 -percent 
argon, 40-percent nitrogen, and 10-percent carbon dioxide. The domain of the 
thermodynamic data in a pressure-density plane is shown in figure 1. The 
boundaries are slightly different for the various gases. 

For use in the blunt-body program, the calculated thermodynamic data have 
been spline fitted with cubic s by the method described in reference 4, the 
coefficients being stored on magnetic tape for the various gas mixtures. 

Aside from the shock-wave relations which require the enthalpy, the blunt- 
body solution requires only the speed of sound as a function of pressure and 
density. Values for the speed of sound and enthalpy obtained from the curve 
fits have been checked and found to agree with the original data within 1 per- 
cent, except for small regions where differences as high as 5 percent occur. 

At low temperatures perfect gas relationships are used with the appropriate 
values of the gas constant and ratio of specific heats. 


Shock-Wave Shape 

The success of the inverse method depends on being able to define a 
simple shock-wave shape that will produce spherical and ellipsoidal bodies to 
close accuracy. It was found in reference 1 that the shock shape given by the 
rational polynomial 
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•«« 


X(y) = 


0-5y 2 + Ag/ 4 


1 + 


2 A^y= 




( 1 ) 


y LO vn/Moo 2 - L 


is successful in this .regard. It was possible by varying the single param- 
eter , A 5 , to obtain spheres and ellipsoids over a wide range of free-stream 
conditions for perfect gases and air in thermodynamic equilibrium. One might 
expect similar success for other gases. However, the shock shape given by 
equation (l) does not have even symmetry about y = 0 because of the y 3 term 
in the denominator. This defect did not cause any numerical difficulties in 
reference 1, probably because of the smoothing procedure employed. A simple 
change eliminates this objectionable behavior and yields essentially the same 
shock shape. If equation (l) is squared and the denominator is altered so 
that X varies linearly with y for large values of y, there results 


[X(y )] 2 = 


0 .25y 4 + A 7 yS 


1 + 


4A 7 y4 
Moo 2 - 1 


( 2 ) 


with the single parameter , A 7 , which is the seventh term in the numerator 
polynomial. Comparison with equation (l) shows that A 7 ~ A 5 provided A 5 
is small, which is true for spheres (~0.l). A few test cases showed that the 
results for spheres found in reference 1 could be reproduced with the shock 
shape given by equation ( 2 ) . 


RESULTS AND DISCUSSION 


Spheres 

The flow field around a spherical nose has been calculated for the 
following gases: air, nitrogen, carbon dioxide, argon, and a mixture composed 

of 50 _ percent argon, 4o-percent nitrogen, and 10-percent carbon dioxide. The 
free-stream conditions selected were densities and pressures equal to 10 " 1 , 
10 ~ 3 , and 10“ 5 times the earth sea- level value and velocities from 10,000 to 
70,000 ft/sec, the upper limit being determined by the maximum tenqperature of 
45,000° R. It is recognized that for some of the cases studied (at the 
highest velocities and lowest densities), the assumption of inviscid, equilib- 
rium flow may be violated. However, these results are included to serve as 
reference values for assessing the effects of nonequilibrium flow when such 
calculations are available . 

The output from a blunt body solution includes the coordinates of the 
shock wave and sonic line, and the flow properties on the body and in the 
shock layer including those on a line joining the body and shock in the super- 
sonic region. The latter data can be used as input to a method of 
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characteristics program to continue the solution downstream over an afterbody 
of arbitrary shape. A resume of the solutions is presented in table I. In 
the following paragraphs, there are presented results and correlations that 
are useful for the calculation of radiative and convective heating to 
spherical noses. 

Values of the shock-wave shape parameter , A 7*, required in equation ( 2 ) 
to produce spherical noses are shown in figure 2 for the gases studied. The 
effect of changes in the free- stream velocity on the shock shape is generally 
greater than the effect of changes in the free- stream density. However, in 
regions where dissociation and ionization are occurring, the shock parameter 
changes drastically. 


The ratio of shock standoff distance. A, to the radius of curvature of 
the shock at the axis of symmetry, R S j is shown in figure 3(a) for all the 
gases as a function of the density ratio across the normal shock, Poo/P 2 * 
There is no significant effect of gas composition on this ratio; moreover, 
good agreement is observed with the constant-density solution of Hayes and 
Probstein (ref. 5 ) given by the following equation: 


A_ 

*s 


Pco/pg 

1+ J ^ Poo /3p2 


(3) 


(The values of A/R s for argon at 10,000 ft/sec are not shown because they 
exceed 0.11; however, they are also correlated by eq. (3)0 The dependence of 
the standoff distance on the density ratio can be explained on the basis of 
mass conservation. If the density behind the shock increases, the standoff 
distance must decrease in order for the mass flow away from the stagnation 
point in the shock layer to remain nearly the same . 

The designer is more interested in knowing the standoff distance in terms 
of the nose radius, Rfo, as shown in figure 3(t>) • The results from the present 
numerical solutions for 0 .04 < p^/pg < 0 .16 can be correlated by a straight line 
defined by 


A = 0 .T 8 A (4) 

Rb p 2 

This correlation was originally obtained by Seiff (ref. 6) from a collection 
of experimental and theoretical results for air and perfect gases. Since the 
constant -density solution (ref. 5 ) does not yield the nose radius, it is 
necessary to assume, for example, that the shock and body are concentric in 
order to relate the standoff distance to the nose radius. This assumption is 
not valid as shown in figure 3("b) • 

The variation of standoff distance with free- stream velocity and density 
for each of the gases considered is shown in figure 4. The symbols represent 
results from the present numerical solutions, and the curves represent the 
simple linear law of equation (4) . The latter curves require solution of the 
normal shock relations for an equilibrium gas, a calculation that requires 
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much less effort than a blunt body solution. Since the standoff distance is 
just a linear function of the density ratio , the curves of figure 4 actually 
represent the variation of the density ratio across a normal shock ‘with free- 
stream velocity and density. It is to be noted that for a perfect gas the 
density ratio approaches a limiting value equal <o (7 - l )/(7 + l) as the Mach 
number becomes Infinite. For a real gas the density ratio decreases with 
increasing free- stream velocity and decreasing free- stream density as dissoci- 
ation and ionization produce more particles per unit volume behind the shock. 
When the chemical composition does not change appreciably, the density ratio 
remains nearly constant. The curves for standoff distance in figure 4 , in 
general, reflect this behavior. 

The ratio of R^ to R s for the present numerical solutions .is shown as 
a function of the density ratio in figure 5 - Combining equations (3) and ( 4 ) 
yields the following correlation equation: 



( 5 ) 


For a perfect gas the results of reference 1 show that the surface pres- 
sure (normalized by the stagnation-point pressure) in the subsonic region of 
a spherical nose has nearly the same distribution for all Mach numbers greater 
than about 10. In addition, the surface pressure distributions show little 
dependence on 7 as shown in figure 6 for M^ = 30. These results can be 
correlated by equation ( 6 ) 

(6) 


P 

Pst 


= 1.0 - 1.25 sin‘ 


s 

Pb. 


+ 0.284 sin 4 ! 



which yields values of the pressure between the predictions of modified 
Newtonian theory with and without the centrifugal correction. The surface 
pressure distributions for all the gases and free-stream conditions considered 
in the present study are also correlated by this equation. A typical set of 
results is shown in figure 7 for Poo/p 0 = 10 ” 1 and for V m from 10,000 to 
50,000 ft/sec. However, if one is interested in the pressure gradient along 
the surface, equation ( 6 ) may be inadequate, and the exact blunt body solution 
should be used . 

The velocity distribution along the surface in the subsonic region is 
nearly linear for the present results as exemplified in figure 8 for the 
specified mixture of argon, nitrogen, and carbon dioxide. Thus the 
stagnation-point velocity gradient, which is required for calculating the 
heating rate, describes the velocity distribution in the subsonic region. 
According to Newtonian theory, the velocity gradient at the stagnation point 
is given by the following equation: 
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( 7 ) 


dV _ _1_ / 2 Pst 
ds Rbv Pst 

The results from the present solutions are as much as 15 percent higher than 
Newtonian theory (ordinate equal to unity) as shown in figure 9* The follow- 
ing equation, which has the form given by the constant-density solution of 
reference 5* correlates the present results as a function of the density ratio 
across a normal shock; 


S = 1-187 

r*E 1 + 0.225 

J P gt * P 2 


(8) 


Since the flow is isentropic along the surface, the density distribution 
can be calculated from the previously described pressure distribution and the 
enthalpy distribution, which is obtained from the velocity distribution using 
the equation 

h = h st - f ( 9 ) 


For subsonic flow the kinetic energy is only a small fraction of the total 
energy, so the enthalpy is nearly constant. Hence, the density distribution 
depends primarily on the pressure distribution which is given by equation (6) . 


Ellipsoids 

The flow field around prolate and oblate ellipsoids can be found with the 
same procedure as for a sphere. For example, ellipsoids with values of the 
body bluntness from zero (a paraboloid) to 2.25 have been found for the previ- 
ously specified mixture of argon, nitrogen, and carbon dioxide for free- stream 
velocities from 10,000 to 5° >000 ft/sec and for a free-stream density of 10“ 3 
times the earth sea- level density. A resume' is presented in table II. The 
shock shape parameter varies nearly linearly with body bluntness as shown in 
figure 10. This behavior was also shown in reference 1 for air. A similar 
dependence of shock shape parameter on body bluntness is to be expected for 
other gases. 

The shock standoff distance expressed in terms of the shock radius, R s , 
is not a function of the body bluntness for constant free-stream conditions. 
However, the body size, characterized by its radius of curvature at the stag- 
nation point, Rfc, increases with body bluntness so that the ratio, a/r^, 
decreases slightly with increasing body bluntness as shown in figure 11. The 
stagnation-point velocity gradient expressed in dimensionless form as shown in 
figure 12 increases slightly with body bluntness. 
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The present results can be applied to determine the effect of nose blunt- 
ness on the flow field around a family of ellipsoids with the same base 
radius. For an ellipsoid, the ratio of the radius of curvature at the stag- 
nation point to the base radius is equal to the square root of the body blunt- 
ness. Therefore, as the body bluntness increases, the shock standoff distance 
would increase and the stagnation-point velocity gradient would decrease. 


SUMMARY OF RESULTS 


The flow of an equilibrium gas around spheres has been calculated numeri- 
cally by an inverse method for various gases over a wide range of free- stream 
conditions. The following results have been obtained: 

1. The shock-wave shapes for spherical bodies can be expressed by a one- 
parameter rational polynomial. 

2 . The ratio of the shock standoff distance to the nose radius is a 
linear function of the density ratio across a normal shock- 

3 . A simple trigonometric expression has been found to correlate the 
surface pressure distribution in the subsonic region of spheres for all the 
gases and free-stream conditions considered in the present study. 

k. The stagnation-point velocity gradient can be expressed as a function 
of the density ratio across a normal shock. 

5. The present method can be used to calculate the flow field around 
prolate and not too blunt oblate ellipsoids. 


Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, Calif-, Feb. 15, 1965 
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TABLE I.- RESUME OF SOLUTIONS FOR SPHERES 


Free- stream 

V 

lb /ft 2 J.slugs/ft 3 , 
211 . 6 '0.2377-s 


conditions 

°r Lrtj 


2.116 ' .2377-s I 


.02116 .2377-7 [ 


10" 1 

211.6 

10" 3 

2.116 

10" 5 

"TomT ‘ 


211.6 .2377- 3 


2.116 .2377-5 


.02116 \ .2377-7 


10- x 

211.6 

10" 3 

2.116 

10- © 

.02116 


10- 1 

211.6 

lO' 3 

2.116 

10“ 5 

.02116 

Note : 

0.2377-3 = 


Voo, 

Moo 

Pst , 

ft/sec 

lb/ft 2 

10,000 

'* 8.949 

0.2254+5 

20,000 

17.90 

•9124+5 

30,000 

26.85 

.2064+6 

40,000 

35.80 

.3654+ e 

50,000 

44.74 

.5701+6 

10,000 

8.949 

.2270+3 

20,000 

17.90 

.9191+3 

30,000 

26.85 

.2076+4 

40,000 

35.80 

.3684+4 

50,000 

44.74 

•5759++ 

60,000 

53.69 

.8277+4 

“10,000 

8.949' 

.2286+1 

20,000 

17.90 

•9244 +x 

30,000 

26.85 

.2084+2 

40,000 

35.80 

.3706+2 

50,000 

44.74 

•5799+2 

60,000 

53.69 

.8327+2 

70,000 

_62.64 

.1128+3 

io“,“odo 

“87945 

“ 72231+5 

20,000 

17.89 

.9131+3 

30,000 

26.84 

.2069+e 

4o,ooo 

35-78 

.3665+6 

50,000 

44.73 

-5713+ 6 . 

10,000 

8.945 

.2234+3 

20,000 

17.89 

.9200+3 

30,000 

26.84 

.2082+4 

40,000 

35.78 

.3690+4 

50,000 

44.73 

.5767+4 

60,000 

53.67 

.8290+4 

10,000 

8.945 

.2241+1 

20,000 

17.89 

.9254+1 

30,000 

26.84 

.2091+2 

40,000 

35.78 

.3710+2 

50,000 

44.73 

.5804+2 

60,000 

53.67 

.8344+2 

70,000 

62.62 

.1129+3 

10,000 

“9.508 

.2316+5 

20,000 

19.02 

•9241+5 

30,000 

28.52 

.2074+6 

40,000 

38.03 

.3662+6 

50,000 

47.54 

.5704+0 

10,000 

9.511 

.2324+3 

20,000 

19.02 

.9262+3 

30,000 

28.53 

.2087+4 

4o,ooo 

38.04 

.3691+4 

50,000 

47.56 

.5760+4 

60,000 

57.07 

.8275+4 

10,000 

9.513 

.2333+1 

20,000 

19.02 

.9283+1 

30,000 

28.54 

.2096+2 

40,000 

38.05 

.3713+ 2 

50,000 

47.56 

•5799+ 2 

60,000 

57.08 

.8322+2 

70^007 

66.59 

.1128+3 

107000“ 

“8.220 

“ .2110+5 

20,000 

16.44 

.8944+5 

30,000 

24.66 

.2042+6 

10,000 

8.220 

.2130+3 

20,000 

16.44 

.9071+3 

30,000 

24.66 

.2065+4 

4o,ooo 

32.88 

.3662+4 

10,000 

8.221 

.2160+1“ 

20,000 

16.44 

.9159+1 

30,000 

24.66 

.2081+2 

40,000 

32.88 

.3689+2 

50,000 

4i.io 

.5781+2 


Stagnation-point conditions 

p st> T st , ^st, 

slugs/ft 3 or 7 st fts/sec 2 

0.2013-2 6,265 1-191 0.5311+ a 

.2827-2 13,810 I.I69 .2031+9 

1 -3325-s 19,480 1.217 .4531+9 

1 .3013-2 31,280 1.252 .8031+9 

•2935-aJ ^1, 000 1.276 .1253+1° 

.2253-4 5,^39 1.147 .5311+ a 

•3379-4 n,o4o 1.129 .2031+9 

.3940-4 15,560 1.221 .4531+9 

<3747-4 23,740 1.178 .8031+9 

.3837-4 28,910 1.198 .1253+ao 

.3621-4 35,950 1.286 .1803+10 

.2576-6“ 4,640 1.118 .5311+ e 

•3993- 6 9*094 1.106 .2031+9 

.4451-6 13,410 1.213 -4531+ 3 

.4588-6 18,630 I.133 .8031+9 

.4852-6 21,710 1.150 .1253+m 

.4383-6 28,120 1.348 .1803+10 

- 3803-6 39 ,890 1 . 175 • 2453+ 10 

Nitrogen 

. 1750-2 7,195 1.280 . 5311 + 0 “ 

. 2880-2 14,430 1.152 . 2031+9 

•3536-2 19,040 1.190 .4531+9 

. 3245-2 29,290 1.247 .8031+9 

. 3083-2 39 ,310 _1.27l _ . 1251+10 

. 1766-4 7,076 i.a4i . 5311 +s 

.3472-4 11,400 1.121 .2031+9 

.4298-4 14,670 1.175 .4531+9 

.3954-4 22,730 1.175 .8031+9 

,4 oo 4-4 27,970 1.193 .1253+10 

.3797-4 35,270 1.267 .1803+10 

.1855-6 6,704 I.169 -5311+s 

.4128-6 9,306 1.100 .2031+9 

.5082-6 11,930 I.I87 .4531+9 

•4779-6 18,090 1.130 .8031+9 

.5037-6 21,110 1.145 .1253+1° 

.4736-6 25,970 1-266 .1803+10 

.3882-6 38,590 1.185 L .2453+10 

Carbon Dioxide _ 

. 3460- 2 5,301 1.111 . 5366+8 ' 

.3939-2 10,690 1.278 .2037+9 

.3817-2 18,220 1.190 .4537+9 

.3186-2 30,240 1.287 .8037+9 

.2969-2 41,020 1.282 .1254+10 

.3866-4 4,586 1.090 .5366+e 

.4245-4 9,633 1.296 .2037+9 

.4714-4 14,120 1.159 *4537+9 

.3968-4 22,840 1.204 .8037+9 

.3849-4 28,940 1.210 .1254+10 

.3598-4 36,400 1.277 .1804+10 

.4334-6 3,983 1.078 ‘.'5366+8 

.4610-6 8,746 1.160 .2037+9 

.5650-6 n,46o 1.136 .4537+3 

.4920-6 17,630 1.158 .8037+9 

.4865-6 21,640 1-164 .1254+10 

.4297-6 28,870 1-333 .l8o4+io 

.3806-6 40,010 1.177 -2454+10 

Argon 

.1032-2 16,320 1-511 .5222+8 

.1982-2 29,750 1.197 .20224© 

.2586-2)39,200 1.246 . 45224© 

.mo- 4 15,180 1.317 .5222+e 

.2513-4 22,720 1.152 .20224© 

. 3376-4 28,390 I.I 89 .4522-re 

.3192-4 4,293 1-185 -80224® 

“ .'1251-6 13,510 1.180 -5222+b 

.3093-6 18,070 1-117 .202249 

.4237-6 21,870 1.150 .4522-re 

•3915-6 34,090 1.137 .80224© 

.4345-6 39,550 1 1.157 .1252+iO 


Shock- wave conditions 


.2031+9 

.4531+9 

.8031+9 

.1253+ 3X> 

•5311+ a 

.2031+9 

.4531+9 

.8031+9 

.1253+10 

.1803+10 

.5311+s 

.2031+9 
.4531+9 
.8031+9 
.1253+10 
.1803+10 
.2453+10 _ 

•5311+a^ 

.2031+9 

.4531+9 

.8031+9 

.1251+10 _ 

.5311+8 

.2031+9 

.4531+9 

.8031+9 

.1253+1° 

.1803+10 

-5311+8 

.2031+9 

.4531+9 

.8031+9 

.1253+1° 

.1803+10 

.2453+10 

5366+8 ' 
.2037+9 

-4537+9 

.8037+9 

.1254+io 

.5366+8 

.2037+9 

.4537-re 

.8037+9 

.1254+10 

.l8o4+io 

‘.'5366+8 

.2037+9 

.4537-t© 

.8037+9 

.1254+10 

.l8o4+i° 

.2454+10 


50-percent argon, 40-percent nitrogen, 10-percent carbon dioxide 


633-6 10,000 8.749 

20.000 17.50 

30.000 26.25 

40.000 [j4 ._99 

633.5 10,000 8.749 

20.000 17.50 

30.000 26.25 

40.000 35.00 

50.000 43.74 

633-6 10,000 8.746 

20.000 17.49 

30.000 26.24 

40.000 34-98 

50.000 43.73 

60.000 52.48 


.1903-2 7,787 1.305 

.2850-2 16,120 1.194 
.2789-2 29,210 1.233 
.2895-2 39,400 1.258 
.2019-4 7,235 1.320 

.3^78-4 12,690 1.165 
.3440-4 22,550 1.167 
.3768-4 28,080 1.191 
.3456-4 J 37,980 1.323 

.2134-6 6,813 1.220 

.4l33-e 10,410 1.152 

.4l87- e 17,870 1.126 
.4734.0 21,310 1.145 

.3976-6 31,950 1.239 
.4039-6 39,530 1.158 


.5270+e 

.2027+© 

.4527+9 

.8027-re 

•5270-re 

.2027-re 

.4527-re 

.8027-re 
_. 1253+30 
•5270+a 
.2027-re 
.4527+© 
.8027-re 
.1253+1° 
.1803+10 
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TABLE II.- RESUME OP SOLUTIONS FOR ELLIPSOIDS 


[Mixture composed of 50-percent argon, 40-percent nitrogen, 10-percent carbon 
dioxide; P^P,-, = 10" 3 ; p^ = 2.1l6 lb/ft 2 ; = 0-2377x10" 5 slug/ft 3 . 

Too = 634° R] 




®b = 

0 



*b = 

0.5625 


Voo, 

ft/ sec 

a 7 

rQ I CQ 

p ri« 

_A_ 

Rs 

A 

R b 

At 

R b 

Rs 

A 

R s 

A 

Rb 

10,000 

-0.0293 

0.7759 

0.0782 

0.1008 

0.0255 

0.8036 

0.0784 

0.0976 

20,000 

- .0243 

. 84 i 8 

.0488 

.0580 

.0360 

.8593 

.0489 

.0569 

30,000 

- .0134 

.8424 

.0493 

.0586 

.0517 

.8607 

.0494 

.0574 

4 o,ooo 

- .0157 

.8597 

.0456 

•0531 

.0488 

.8765 

• 0457 

.0521 

50,000 

-•0173 J 

.8809 

.0496 

.0562 

.0424 

.8998 | 

.0496 | 

.0551 



®b = 

1.5625 



®b 

= 2.25 


10,000 

-i 4 oo 

.8530 

' .0788 

.0924 

.2140 

.8864 

! .0790 

1 .0892 

20,000 

.1725 

.8901 

.0490 

.0550 

.2788 

•9101 

.0491 

.0539 

30,000 

.1940 

.8932 

.0495 

.0554 

.2934 

.9174 

.0496 

.0540 

4 o,ooo 

•1931 

.9058 

.0458 

.0505 

.3027 

.9259 

.0458 

.0495 

50,000 

.1778 

•9319 

.0497 

• 0533 

• 2775 

.9549 

.0498 

.0521 
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40,000 
Vcq , ft/sec 

Nitrogen, = 500° R* 


Figure 2.- Continued. 
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40,000 
V<x> , ft/sec 

(c) Carbon dioxide, T TO = 7< 


Figure 2.- Continued 










40,000 

ft/sec 

Poo = 51^° R. 


60,000 


a function of free- stream velocity and density. 
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^,000 

'see 

r ro = 500° r. 


Continued. 
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0 20,000 40,000 60,000 


Vqj , ft/sec 

(c) Carbon dioxide, = 78^-° R. 
Figure ^ . - Continued. 
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Vqq , ft/sec 

(a) Argon, = 711 ° R. 
Figure 4.- Continued. 
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Figure 5.- Ratio of nose radius to shock radius for a sphere as a function of density ratio across 

normal shock . 
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Figure 6.- Effect of 7 on surface pressure distribution in subsonic region of spherical nose 

perfect gas = 30- 






Figure 7.- Surface pressure distribution in subsonic region of spherical 

nose for real gases, PqJPq = 10” * 
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Figure 8.- Velocity distribution in subsonic region of spherical nose 
for mixture of 50~P ercerr '-' argon, 40-percent nitrogen, and 10-percent 
carbon dioxide; = 634° R, P<J Pq ~ 1° -3 * 





Figure 10.- Shock-wave parameter for ellipsoids in mixture of 50 -percent 
argon , 40-percent nitrogen , 10-percent carbon dioxide; = 63 ^ R* 
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